We focused on bacterial interspecies relationships at the air-liquid interface where the formation of pellicles by aerobes was observed. Although an obligate aerobe (Brevibacillus sp. M1-5) was initially dominant in the pellicle population, a facultative aerobe (Pseudoxanthomonas sp. M1-3) emerged and the viability of M1-5 rapidly decreased due to severe competition for oxygen. Supplementation of the medium with carbohydrates allowed the two species to coexist at the air-liquid interface. These results indicate that the population dynamics within pellicles are primarily governed by oxygen utilization which was affected by a combination of carbon sources.
It has been widely recognized that most microorganisms have lifestyles specifically adapted to heterogeneous environments, such as solid surfaces and air-liquid interfaces. At these interfacial surfaces, various substances accumulate or are concentrated and consequently serve as biologicallyactive sites where microorganisms are thought to actively compete for space and resources (16, 18, 21, 23) . Interspecies relationships within biofilms on solid surfaces have been reported (3, 11, 15) . Although the ubiquity of the airliquid surface in both natural and artificial environments is also well recognized (22) , microbiological studies on the airliquid interface have been limited. Microbial aggregation at the air-liquid interface forms what is known as a pellicle, which is a strategy displayed by various aerobic microorganisms as it enables them to acquire oxygen effectively. Therefore, pellicles are considered advantageous to aerobic bacteria for acquiring niches at the air-liquid interface. Pellicles of acetic acid bacteria (2) , Bacillus sp. (1, 10) , and Pseudomonas sp. (17, 19) have been studied morphologically and physiologically under pure culture conditions. However, microbiological analyses of pellicles composed of multiple bacterial species have not been reported.
We have previously demonstrated the stable co-culture of four bacterial species grown under static aerobic conditions in which pellicles were observed (6, 8) . Among the members, an obligate aerobe, Brevibacillus sp. strain M1-5 and a facultative aerobe, Pseudoxanthomonas sp. strain M1-3, were both pellicle-forming species and stably coexisted in the four-species mixed culture. However, the growth of M1-5 was inhibited by M1-3 in two-species co-cultures (9) . Since the pellicle is the sole niche for M1-5, it is expected that these interspecies interactions at the air-liquid interface determined the microbial population of the pellicle. In this study, we attempted to clarify the competitive relationships for niches at the air-liquid interface. Effects of the composition of the gaseous phase and growth medium on the interaction between the obligate aerobe M1-5 and facultative aerobe M1-3 were investigated by viability testing and microscopic analysis.
The two species used in this study were isolated from a cellulose-degrading enrichment culture (4) and cultivated in PCS basal medium ( 
NaCl, pH 7.2) at 50°C under static aerobic conditions. PCS basal medium was also used for the two-species culture of M1-5 and M1-3. To generate the co-cultures, each species was individually precultivated to the late stationary phase under the conditions described above. One percent (v/v) of the precultures were then used to inoculate 4 mL of medium in test tubes (16.5×160 mm) sealed with an air-permeable silicon cap. These cultures were incubated under static aerobic conditions at 50°C.
The changes in the number of viable cells of M1-5 and M1-3 cultivated in both pure and mixed cultures were determined by the most probable number (MPN) method. Samples were harvested from the static culture after vortexing for 30 s. Multiple replicate tubes for each sampling time point were prepared because spatial structures in the static culture were destroyed by vortexing. A series of 10 −1 dilutions ranging from 10 −1 to 10 −9 were prepared for each sample using sterile phosphate buffered saline (PBS, [137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, and 1.47 mM KH 2 PO 4 , pH 7.4]). For each dilution, 100-µL aliquots were inoculated into 100 µL of PCS basal medium in a 96-well microtitre plate to give a quadruplicate dilution series. In order to determine the MPN of each species in the mixed culture, the number of viable M1-5 cells was estimated by first adding kanamycin (30 µg mL −1 ) to inhibit only the growth of M1-3. The numbers of viable M1-3 cells were then calculated by the difference in the MPN numbers obtained in the presence and absence of kanamycin. After inoculation, the microtitre plates were incubated at 50°C for 48 h. The bacterial growth in inoculated wells was determined by visual observation.
Although the viable cell number of M1-5 in the mixed culture with M1-3 increased at first, after 16 h the number of cells declined rapidly ( Fig. 1) , indicating that M1-3 adversely affects the growth of M1-5 (9). To investigate the factors involved in this inhibitory effect, M1-5 and M1-3 were cocultivated in a spatially separated culture system. Vessels with 0.2-µm pore size membrane bottoms (Oxy Fil Centrifugal Filter; Oxyphen, Lachen, Switzerland) were placed into 50-mL polypropylene tubes and M1-5 and M1-3 were separately inoculated into the inner and outer portion of the vessel with 1 and 2 mL of PCS basal medium, respectively. The tube cap was affixed loosely in order to be air-permeable, and the cultures were then incubated for 96 h. As a result, M1-5 could grow and maintained high cell numbers despite the presence of M1-3 in the adjacent chamber (Fig. 1) . M1-5 without M1-3 in this system showed similar growth under the standard conditions described above (data not shown). This result confirms that diffusible factors in the medium are not involved in the inhibitory effect as indicated in a previous report (9) . Furthermore, it was demonstrated that the competition for growth substrates in the medium was not the direct cause for the growth decline of M1-5. In fact, M1-5 was able to grow in the filter-sterilized spent medium obtained from both the pure culture of M1-3 and the twospecies co-culture (data not shown).
It was speculated that the observed growth decline of M1-5 was due in part to competition for space or oxygen. In order to evaluate the population dynamics of each species at the air-liquid interface, pellicles which formed at the airliquid interface were collected during the co-cultivation of M1-3 and M1-5 and subjected to fluorescence in situ hybridization (FISH) using specific probes for each species. Pellicle samples were harvested using a looped wire and then washed with PBS, fixed and hybridized. From the resulting confocal images, a transition in the subpopulation within the pellicles was clearly observed (Fig. S1 ). Although M1-5 established and proliferated more quickly than M1-3 during the first 8 h, its abundance in the pellicles soon equaled that of M1-3 (16 h) and it was clearly outcompeted after 24 h. Therefore, although M1-5 occupied the air-liquid interface first, the initially slow-growing M1-3 propagated in the pellicles and suppressed the growth of M1-5.
The possibility that the competition for oxygen caused the growth decline of M1-5 was evaluated by examining the effect of oxygen supplementation on the survivability of M1-5 in the two-species mixed culture. In order to prevent disturbing the pellicle structures, oxygen supplementation was performed by continuously exchanging the headspace of culture vessels with oxygen gas. Ten-mL glass vials with a butyl rubber cap and an aluminum seal were used as culture vessels. The headspace of vial (approx. 9 mL) containing 4 mL of PCS basal medium was continuously exchanged during cultivation with oxygen using a flow rate of 0.05 L min −1 . Oxygen supplementation improved the survivability of M1-5 in the co-culture and no rapid decrease in viable cell number at 24 h was observed (Fig. 1) . Oxygen supplementation had no effect on the growth of M1-5 in the pure cultures (data not shown). M1-3 numbers were maintained at more than 1×10
8 MPN mL −1 during the 96-h culture period, suggesting that oxygen supplementation had no significant effect on the viability of M1-3. However, the viability of M1-5 decreased after 96-h cultivation, which might be due to the limited oxygen supplementation rate. Next, the effect of oxygen removal on the viability of M1-5 was examined. The inoculated test tubes containing 4 mL of PCS basal medium were statically incubated and at the 16 h time point, oxygen removal was performed using an AnaeroPack oxygen absorber (Mitsubishi Gas Chemical, Tokyo, Japan). The removal of oxygen after exponential growth (<16 h) rapidly caused a dramatic decrease in the viable cell number (Fig.  S2) , which demonstrates that M1-5 is highly susceptible to oxygen depletion. Taken together, these results indicate that the observed growth decline of M1-5 in the co-culture was caused by its inability to effectively compete for oxygen after the appearance of M1-3 at the air-liquid interface. As observed in several environments such as the rice rhizo- sphere and contaminated groundwater (12, 13, 20) , competition for oxygen is one of the most important interspecies relationships among aerobic bacteria and should be highlighted at the air-liquid interface as described here.
It has been shown that M1-5 and M1-3 could coexist in a three-species co-culture with the cellulose-degrading bacterium Clostridium straminisolvens strain CSK1 under static aerobic conditions (9) . It was possible that CSK1 produced diffusible factors which had an alleviating effect on the competitive interaction between the two aerobes. As cellobiose, glucose, acetate, and ethanol have been detected in culture supernatants of CSK1 (7), the co-cultivation of M1-5 and M1-3 was performed in PCS basal medium supplemented with these carbohydrates derived from cellulolysis by CSK1 (Fig. 2) . Under pure culture conditions, it was confirmed that the supplementation of these carbohydrates did not affect the growth rate of strain M1-5 (data not shown). Supplementation of the co-culture with ethanol (1 g L −1 ), which could only be utilized by M1-5, enabled this species to maintain more than 1×10 6 MPN mL −1 after 48 h, although the viability declined at a similar rate as the control after this time point. Ethanol did not affect the growth of M1-3, confirming the enhancing effect of ethanol on the growth of M1-5. Since ethanol can be utilized more easily than other components in medium, such as proteins, it may lessen the metabolic requirement for oxygen. In contrast, supplementation with glucose (10 g L −1 ), which can be utilized by both species, did not improve the survivability of M1-5. As glucose is utilized by and can enhance the metabolic activity of M1-3, the selective pressure for M1-5 was not weakened and M1-3 remained dominant.
Next, the effect of cellobiose, which is the representative oligosaccharide produced in cellulolysis by CSK1, was examined. Intriguingly, although it can be utilized by only M1-3, supplementation with cellobiose (10 g L −1 ) displayed a similar alleviating effect to that observed by ethanol (Fig. 2) .
In the presence of cellobiose, M1-3 exhibited cellobiase (betaglucosidase) activity and efficiently converted cellobiose to glucose, which was confirmed by determining the concentrations of total soluble saccharides and glucose in culture solutions under pure culture conditions with cellobiosesupplemented media (data not shown). Glucose derived from cellobiose can be utilized also by M1-5 and the production of cellobiase likely imposed a metabolic burden on M1-3. These factors might contribute to the improved survivability of M1-5 in the cellobiose-supplemented co-culture. The effect of cellobiose on the viability of M1-5 lessened after 96-h cultivation. However, as it was considered that the cellulose degradation products existed simultaneously in the mixed culture, their combined effect on the survivability of M1-5 was further evaluated. When ethanol and cellobiose were added together, M1-5 maintained high cell numbers in the pellicle for the duration of the 96-h culture period (Fig.  2) . This was thought to be due to the synergistic effect of the two substrates rather than a dose-dependent effect as supplementation with a larger amount of ethanol (5 g L −1 ) did not improve the survivability of M1-5 (data not shown).
In conclusion, this is the first report to describe the competition between aerobes for niches at the air-liquid interface. The availability of oxygen was a key factor in determining growth or survival in this environment. However, oxygen was not the sole determinative factor affecting the outcome of competition, and the observed results may not be explained by a simple competition for oxygen. Although the conventional theory of simple competitive relationships indicates that the cell density of each competitor is determined by the growth rate and initial cell density (14) , an initial proliferation of M1-5 in pellicles was observed before the invasion and dominance by M1-3. The ability of M1-3 to grow anaerobically may have played a role in its invasion and subsequent dominance. The competition for the niche was dispelled by the presence of a cellulose-degrading bacterium as it provided a combination of usable carbohydrates for each competitor. The supplementation of growth substrates worked synergistically to affect the balance of the two species within the pellicle by altering their metabolic behavior. The amount of each growth substrate and the moment of supplementation are dependent on the growth of the third party, the anaerobic cellulolytic species in the original microbial community (7) . Furthermore, the aerobic species also affect the population dynamics of the third party (9), indicating the difficulties in predicting the outcome of competition between multiple species and the importance of network analysis of the interspecies relationships in microbial communities (5). 
